Abstract
Introduction
Underwater acoustic channels are considered as "quite possibly nature's most unforgiving wireless medium" [1] . And high data rate underwater acoustic communications has always been a challenging task. Now, two kinds of modulation schemes are being used for underwater acoustic systems, Single Carrier Modulation with Frequency Domain Equalization (SC-FDE) and Orthogonal Frequency Division Multiplexing (OFDM).
Multi-carrier modulation is a attractive alternative for underwater acoustic communication. It has been broadly studied to overcome the complexity such as excessive multipath delay spread, time variability and severe Doppler-drift in underwater acoustic channels[l]- [3] . However, the OFDM system suffers a number of drawbacks, such as high peak-to-average power ratio and sensitivity to carrier frequency offsets [4] - [5] .
Recently, the single carrier frequency domain equalization system has received a mountain of interests as the alternative approach because single carrier modulation inherently makes it possible to reduce the PAPR. What's more, it can exploit the full frequency diversity benefit without bandwidth expansion because each bit is simultaneously modulated over the whole bandwidth in the single carrier transmission system [6] - [8] .
In this paper, we studied three frequency domain equalization schemes used in underwater acoustic single carrier system. The study was based on the simulation results and experimental results in real underwater acoustic channels.
The rest of this paper is organized as follows. In the next section , the signal processing operations in single carrier transmission system are addressed in detail. Three frequency domain equalization methods were performed in Section 3. Simulations and Experiment results in the experimental pool of Xiamen University are given in In Section 4, as well as the results in shallow water near Xiamen Port. Finally, the conclusion was presented in Section 5. Figure 1 shows the block diagram of the SC-FDE system. Suppose that the sending data after Quadrature Phase Shift Keying (QPSK) modulation is Assuming the length of cyclic prefix cp L is longer than the largest channel multipath delay L to avoid the inter-block interference (IBI). The channel impulse response is
System model
and L is the length of the channel impulse response. 
corresponds the FFT operation of r , s and v , respectively. After FFT transformation, the frequency domain signals can be written as
where
There are many techniques to estimate the channel state information exploiting pilot blocks, such as least-squares (LS), minimum mean square error (MMSE) and linear minimum mean square error (LMMSE). A detailed description of channel estimation can be found in [10] . In this paper, the simple methods LS channel estimation and MMSE channel estimation are used. Consider the frequency domain signal of transmitted signal is X , the received signal is Y , andV is additive white Gaussian noise. The system model can be described as
Frequency domain equalization
In this study, linear and non-linear frequency domain equalization schemes are compared in the underwater acoustic single carrier system.
linear equalization
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Figure 2. The block diagram of linear equalization
A Comparison of Frequency Domain Equalization in Underwater Acoustic Single Carrier System Weijie SHEN, Haixin SUN, Yuhui GUO, En CHENG, Xiaoyan KUAI, Qihu LI Figure 2 indicates the block diagram of linear equalization. The two linear equlization methods are Zero-Forcing (ZF) and Minimum Mean Square Error (MMSE) equalization [11] .
ZF:
Here SNR donates the signal to noise ratio. Actually, SNR can be estimated by some methods [12] . Figure 3 illustrates a simple block diagram of the H-DFE scheme for the single carrier transmission system.The key idea of H-DFE is that, each response of sub-channel in the frequency domain(FD) are estimated first. Then the coefficients of l W and k f is obtained according to the MMSE principle. The loss of amplitude and phase caused by the frequency selective fading will be compensated at last.
Decision Feedback Equalization with a Hybrid Structure (H-DFE)
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Figure 3. The block diagram of H-DFE scheme
Suppose the sending data is m a , the received data is m r , l R is the signal after FFT transformation in the receiver, m z is the data before decision, each symbol duration is T , and P is the number of each frame's FFT points. According to Figure 3 , we have:
where 2  is the variance of additive noise , and
Here ' 1 2 ( , , , )
, f represents the feedback coefficients. Optimization of the feedback coefficients f in l F , results in a set of B linear equations in the optimum f that minimize the mean squared error, which can be expressed in the following matrix form [13] :
A . . 
In order to minimize complexity, the number of feedback coefficients B should be a small value. A detailed description of H-DFE can be found in [14] .
Simulation and experiment results

Simulation
The equalization algorithms are simulated over a Rayleigh fading channel in MATLAB. Suppose that the time synchronization and frequency synchronization are perfect since the aim is to observe the performance of the three frequency domain equalization algorithms. Simulations are carried out for different signal-to-noise ratios (SNR). For an uncoded transmission scheme, the result was presented in Figure 4 . The system parameters used in the simulation are indicated in Table 1 . Figure 4 gives the bit error rate performance of different frequency domain equalization algorithms by increasing value of SNR from 6dB to 22dB in a Rayleigh fading channel. As can be seen from the figure, all three algorithms are sensitive to SNR. It turns out that the performance of the H-DFE algorithm is better than the other two schemes. And this advantage was enhanced by the increase in SNR. The advantages are highlighted especially with high SNR. When the SNR is over 14dB, the BER performance of the H-DFE method is much better. When SNR reached 14dB, BER performance of the three methods differ by about one order of magnitude, which was 
Experimental pool experiments
The experiment is carried out at the experimental pool in Xiamen University. System specification for the experiment is shown in Table 2 . The frame architecture of the transmission scheme is indicated in Figure 6 , the pilot is used for channel estimation and SNR estimation. Figure 7 is the original image. Figure 8 exhibits the location of transmitter and receiver transducers, both of them kept still during the whole experiment. The distance between the transmitter and the receiver is 10m. Table 3 is the BER results of the experiment, each scheme was tested six times. Figure 9 shows the received images after equalization which is from the th 6 data in Table 3 . 
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Effective bandwidth 6kHz Figure 9 . The recovered images after ZF, MMSE and H-DFE equalization respectively
As can be seen from Table 3 , the average BER magnitude of ZF, MMSE and H-DFE in the experimental pool channel are about 10 , respectively. That means H-DFE outperforms linear equalization in the experimental pool channel. We can also confirm the result from Figure 9 , because the recovered image after H-DFE equalization has the most clearly effect.
Shallow water experiments
The experiment was also carried out in the shallow water near Xiamen. System specifications for the experiment is the same as Table 2 . The frame architecture of the transmission scheme is the same as Figure 6 . The locations of the transmitter and receiver were about 4 meters under water. Table 4 is the BER results of the experiment. Each frequency domain equalization method was tested six times. Figure 10 shows the recovered images after equalization, it is from the th 6 data in Table 4 . 10 , respectively. When compared to the result in Table 3 , we can obviously find it has a worse BER performance respectively, which strongly prove that shallow water channels are much more sophisticated than experimental pool channels. But in the same shallow water channel, H-DFE still has the best BER performance.
In a word, H-DFE significantly outperforms the ZF and MMSE linear equalization in the underwater acoustic single carrier transmission system. However，due to the feedback operation of H-DFE is still in the time domain, its computational complexity is much larger than other two liner methods.
Conclusion
Based on simulations and experiments, this paper presents a comparison of three frequency domain equalization methods for the underwater acoustic single carrier transmission system. The results showed that H-DFE significantly outperforms linear equalization for single carrier communication systems over underwater acoustic channels. But equally, its computational complexity is larger, especially for very dispersive channels. The feedback operates still need to compute some specification in the time domain. The study demonstrated that H-DFE scheme would be applicable for underwater acoustic single carrier transmission system.
